ABSTRACT This paper describes a sheet type transformable plate ware. Transformable robots are robots that can change their shapes to adapt to various environmental changes. Although many transformable robots have been reported in the past, the main objectives of previous studies are often related to mobility for adapting to various environments. Not many studies have focused on the concept of their practical applications. We propose herein a concept of a transformable plate ware that not only has mobility but also has practical applications in our daily life. To achieve the functions, we pay attention to sheet-type transformable robots, which can transform their shape from a two-dimensional (2D) sheet to a three-dimensional (3D) structure. They can form several structures like origami, a Japanese paper art. Some prototypes have been developed to show our scenario.
I. INTRODUCTION
Sheet-type transformable robots are transformable robots that can transform their shapes from two-dimensional (2D) sheets to various types of three-dimensional (3D) structures. Many types of transformable robots have been developed in the past. Some authors aim to develop transformable robots; which have several modes to change their mobility depending on the environmental change. For example, some researchers reported on a hybrid robot with a wheel mode for ground traveling and a helicopter mode for aerial flight [1] . Other researchers also reported on a robot that can perform aerial and terrestrial movement [2] . In both cases, the transformation range is limited and other applications are not considered. Modular self-reconfigurable robots (MSRs) use another type of approach to adapt to various environments. MSRs can form various shapes by combining many robots with simple functions called modules. Fukuda et al. reported the early study of MSRs [3] according to the review by Yim et al. [4] . Many MSRs have been proposed since then. Pollybot, which can move with different gaits is a modular robot proposed by Yim [5] . The crystalline system is a lattice-style modular robot proposed by Gilpin et al. [6] . Meanwhile, M-TRAN is a modular-type robot proposed by Kurokawa et al. [7] - [9] . Many MSRs can change their shapes by changing the mechanical connections between each module. Hence, the modules tend to become relatively large
The associate editor coordinating the review of this manuscript and approving it for publication was Luigi Biagiotti. and complex. The positioning problem when the modules are connected to each other must also be considered. As a solution to such disadvantages, several researchers reported studies on sheet-type robots that can be transformed from 2D plane into various 3D shapes. These robots, which achieve flexible transformation, are a kind of origami robots inspired from origami, which is a traditional paper art in Japan. Sheettype transformable robots have some advantages compared with typical transformable robots for particular objectives and modular-type robots. Various shapes can be obtained from a planar sheet and be minimized by folding. The topological structure of sheet-type robots does not vary during the transformation. In other words, an important difference between the modular-type robots and the sheet-type ones is whether the parts can be apart or not. When we aim to connect the modules of the MSRs with each other, we need to consider how they are connected. In contrast, when we employed the proposed sheet-type robots, all the sheets are connected to each other. Hence, we do not need to consider how to connect the sheets with each other.
Some related studies on sheet-type robots have been published. For example, an origami-type material, called programmable matter, was proposed by Paik et al. [10] , [11] . A shape memory alloy and a magnet were employed to achieve the transformation from 2D plane to a 3D shape. Although shape transformation could be obtained, other functions were not implemented. Kano et. al. also studied locomotion of the sheet-type robot. They studied a sheet-type robot inspired by the flatworm locomotion and achieved the VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ movement [12] , [13] . They aimed to develop a robot imitating flatworms and focused on its locomotion ability; hence, they did not consider the implementation of other functions to the sheet-type robot. Other authors reported that a 3D closed circuit was achieved from a sheet using magnetic force [14] . However, the application only included a simple circuit and shape deformation.
Regarding the origami robot, we also reported some prototypes in the past research. In the early stages of research, we developed an origami robot that achieved movement and transportation and showed its usefulness. However, the developed robot had no practical utility other than those functions [15] . Although many transformable robots try to change their mobility depending on the environments, not many studies have focused on their applications in our daily life. As an application of the sheet-type robots, an origami robot that works in the body is proposed. It is designed to move inside the human body and melt its body to dispense medication in the human body [16] . Using it repeatedly is difficult because of its feature. Modular origami robots incorporating the idea of the modular robot have also been developed with the aim to implement the robot with the merits of origami and modular robots, and achieve various movements with different configurations (e.g., quadruped.). However, the use of modular/origami robots in our daily life was not considered. [17] - [19] .
Soft robots and soft actuators have recently been actively studied [20] . They are defined as robots built with soft materials. We can find many examples of soft robots and soft materials, and some of them are related to transformable robots in the sense that they make various transformations. As typical examples, soft robots with a pneumatic actuator are popular in the soft robotics field. The McKibben actuator is an old example of this approach [21] , [22] . The wormlike robot [23] , quadruped robot [24] , humanoid [25] , and infant robot [26] use the McKibben actuator. A multi gait soft robot [27] is also a famous example of soft robots driven by air. Although soft robots have high compatibility with air pressure because of its softness, they require external pumps for driving. Soft robots with a shape memory alloy (SMA) are also well known in the soft robotics field. OCTOPUS [28] and Softworm [29] are examples of soft robots using SMA. An origami-type material, called programmable matter, also employs SMA-type actuators because of its lightweightness [10] , [11] .
Based on these aspects, we employ SMA-type actuators, called biometals, and aim to develop sheet-type robots that not only have mobility but also allow the user to use them as a tool in his/her daily life. A sheet-type robot that transforms to dishes was previously developed [30] . Although the developed robot achieved transformation to a supposed shape, each robot could only transform into one shape and the function could not be changed. It also did not have mobility. Hence, we developed herein a sheet type transformable plate ware that cannot only transform various plate wares but can also move. Duck cleaning robots, entertainment robots, medical robots, and field robots in hazardous environment are considered typical applications of origami robots. However, we think that helping in daily chores is also an important application in the robotic field. Cooking is one of the most time-consuming household chores; hence, some applications of robots to kitchen works have been reported. For example, Sugiura et al. reported the human-robot cooperation for cooking and proposed a cooking system that operates in an open environment [31] . Bonilla et al. analyzed the vocabulary of an action description language to be used when a humanoid cooperates with a human in two scenarios; a kitchen and a collaborative workshop table [32] . These studies aimed to reduce the time spent on cooking by employing a human-support robot. Fonseca et al. recently investigates the importance of kitchen robots for the quality of life [33] . They concluded that kitchen robots have effectively brought improvements in terms of the time spent with household tasks. However, it will be difficult for a robot to entirely replace humans because anyone who really likes to cook will never stop doing it. From these studies, we think that it is important for users to reduce cooking time while maintaining the enjoyment of cooking using robotic technology.
Although typical human-robot cooperative works are good approaches to reduce the cooking time, they impair the feeling that the user is cooking alone, and may reduce the enjoyment of cooking. Our concept is to reduce the users' cooking time while keeping the enjoyment of cooking by using a sheet-type robot as transformable plate wares.
II. BASIC CONCEPT OF THE TRANSFORMABLE PLATE WARE
This section describes the basic concept of the proposed transformable plate ware. The term ''plate ware'' depicts tools used for serving food and drink. We use several plate wares with various shapes, such as saucers, bowls, and glasses when we eat or drink something. We need to prepare enough spaces to keep many plate wares. The transformable plate ware is supposed to be used in such situations. In our supposed application, we only prepared a sufficient number of transformable plate wares. Fig. 1 shows the basic concept of the proposed transformable plate ware. The proposed devices were sheet-shaped before they were transformed. When users eat something, they can order what they would like to prepare. The devices move to adequate places on the table and transform from 2D sheets to the desired plate ware. When users finish eating, the devices transform from plate ware to 2D sheets. Figs. 2 and 3 show the flows of the application scenario. Users give an order to them to transform from 2D sheet to the target plate ware. For instance, if the users need two bowls and a glass, they just order ''Two bowls and a glass.'' The transformable plate wares then change their shapes to the appropriate plate ware in the dining room (Fig. 2 ). If they would like to wash the dishes after eating, they just order the plate ware to the sheets (Fig. 3) .
We can find several advantages of the transformable plate ware compared with the conventional plate ware. For example, sheet-type plate wares reduce storing spaces because of their features. Conventional plate ware requires sufficient spaces to store them because their shapes are different depending on the purpose (Fig. 4) . On the contrary, the sheettype plate wares can be like papers; hence, they reduce storing spaces (Fig.4) . We demonstrate our concept by setting the three following design principles for designing the prototype:
1. The device can transform several shapes to be used as plate ware.
2. The device should have mobility.
3. The device should be able to hold liquid. We suppose that the movement ability is used only on the table. For example, the robot movement is used to adjust their positions depending on the users' layouts. The robots move to adequate positions and change their forms depending on the orders. We think that the movement ability has some merits for further applications although it may not always be necessary. We developed a prototype and reviewed its problem. We then developed the improved one based on the problem in the first prototype to fulfill the above-mentioned requirements.
III. PROTOTYPE OF THE SHEET TYPE MOVABLE PLATE WARE
First, we developed a prototype with two mode types. One has a moving ability that imitates inchworms and the other performs the transformation from a planer sheet to a box. We set two kinds of prototyping stages for the transformation operation: (a) transformation to a box into which objects can be placed, and (b) movement like inchworms by continuous motion.
A. COMPONENTS AND STRUCTURE OF PROTOTYPE
In the prototype, an aluminum plate, biometals, Arduino (I/O module for physical computing), and a field effect transistor (FET) were used as the main components. The biometal produced by Toki Corporation is a kind of SMA and a thin fibrous actuator that contracts when an electric current flows. It extends to its original length when stopping the current, and can be repeatedly moved. Two types of biometal are available, namely BMX and BMF, which have different properties, such as displacement and force. BMX was selected because of its large displacement in the prototype. Arduino was used to receive signals from a personal computer via serial communication, and control the FET for activating the corresponding BMX. In the current implementation, we only used the maximal expansion and contraction of the biometal. We controlled the voltage to the biometal using pulse width modulation (PWM) to prevent overheating. The required torque and power were experimentally determined. We also showed the specifications of the biometal from the product company in Table 1 .
We used C# and Arduino languages as development languages. Fig. 5 shows the arrangement of the aluminum plate and the BMX. Fig. 6 illustrates the wiring diagram. In the prototype, we designed an auxiliary guide and a slit structure for the transformation into a box shape to make the transformation smoother and the structure more robust. In addition, two small feet with frictional force were attached to both ends of the robot to achieve the movement. The friction between the feet and the ground was dissymmetric because of its shape. It can move forward like an inchworm by repeating the series of operations from step 1 to 4 in the conceptual view the mobile mechanism shown in Fig. 7 . Fig. 8 presents the actual developed prototype. The prototype size was set so as not to be unnatural when used as a plate ware. The robot was composed of nine aluminum plates with a side length of 6.0 cm and a thickness of 0.30 mm. The parts were connected with a hinge structure in the connection parts. The robot body mass was approximately 50 g. Its transformation and moving speeds were measured through the captured movies. The prototype performance was then evaluated. Figs. 9 and 10 show the flow of the transformation and movement, respectively. To clarify which BMXs were activated, we also added the BMX arrangement and gave coloring to the sheets with the activated BMXs in each mode. With respect to the transformation, the time from flat to box shape was measured 12 times (i.e., 10.4 ± 1.80 s.). With regard to movement, we set the robot on a desk assuming the application scenario. The forward speed was 0.8 ± 0.169 mm/s for eight-time measurement on a desk with less friction. It also could keep its box shape when a load over 100 g was applied into the box.
B. OPERATION EXPERIMENT

C. DISCUSSION
The experiment confirmed that the developed prototype could move and transform to a box shape. The prototype was lightweight and easy to store. It transformed into a box shape and could keep the objects. With respect to the box shape transformation, the necessary force increased due to friction between the guide and the main body because the prototype folded by attaching an auxiliary guide to four diagonals. This may be an impediment to other transformations. With respect to movement, the movement direction was restricted. In the prototype, the rear foot did not effectively work when it moved forward and slightly slipped backward, even though the movement was executed with three pieces. By constructing the prototype, we were able to obtain a foothold of the structure necessary for transformation into a supposed shape. We reviewed the main material, moving method, and operation method based on the prototype aspect. In accordance with the review, we made an improved sheet-type plate ware that can transform into several shapes, and performed the operation experiment again. The details are given in the next section.
IV. IMPROVED SHEET-TYPE MOVABLE PLATE WARE A. COMPONENTS AND STRUCTURE
The improved sheet type movable plate ware was made of a polypropylene plate (PP plate) and a polypropylene sheet (PP sheet) instead of an aluminum plate. We considered several plastic candidates such as polyethylene, polystyrene and polypropylene, to develop the improved robot because they are widely used as container for food. We tried some of them, and found that they had poor heat resistance, and sometimes melt. We selected polypropylene because of it is food-safe (e.g., chemical safety and thermal resistance for the biometal.). Polypropylene has high thermal resistance for the biometal and good chemical safety (e.g., acid resistance and alkaline resistance.). Its melting point is 160 • C. Its lightweightness is also desirable for our purpose because polypropylene has the smallest specific gravity among general-purpose plastics. (i.e., 0.9g/cm 3 ).
Compared with an aluminum plate, the PP material has no conductivity, and it returns to its original shape when distorted. Polypropylene has good features for edible containers because it is relatively resistant to heat and to chemical liquids. We implemented four functions in the improved prototype: (a) flat dish type, (b) bowl type, (c) boxtype, and (d) inchworm-like movement. The implementation from (a) to (c) is to offer various types of plate ware that can keep food and drinks. Fig. 11 shows the layer structure of the improved prototype. Fig. 12 depicts the arrangement of the PP plate, PP sheet, and BMX. From the viewpoint of the PP material's heat resistance, PWM control was used to prevent BMX from being overheated when voltage is applied to the BMX. We controlled the voltage within the range where PP does not melt. Fig. 13 shows the conceptual view of the transform mechanism when the sheet is transformed into flat dish and bowl types. We implemented four slit structures in the improved prototype to house the four diagonal sheets shown as blue sheets in Fig. 13 . The slit structures were used to transform the sheets to a dish shape and a bowl type. When the transform began, the PP sheets were slid into the PP plates and are stored between the PP plates because the sheets are restrained between the plates. The layout of the BMXs was different on the front and the back sides. The BMXs connected two PP sheets on the front side. When the transformation began, the BMXs were contracted, and the force f caused by the BMX contraction was observed (left figure, Fig. 14) . The plate was then lifted by pulling by the VOLUME 7, 2019 FIGURE 14. Transform mechanism with respect to the front side. sheets (right figure, Fig. 14) . As shown in Fig. 13(a) , two opposing slits worked to house the diagonal sheets when the sheet was transformed to a flat dish type. In contrast, four slits worked to house four sheets when the sheet was transformed into a bowl type [ Fig. 13(b) ]. The box shape can be achieved by activating all the BMX on the back side. BMXs connected two PP plates on the back side, which was the same as the first prototype. When the transformation began, the BMXs were contracted and the force f caused by the BMX contraction was observed (left figure, Fig. 15) . As a result, the PP plates were lifted. At the same time, the PP sheets were slid into the PP plate and close to each other (right figure, Fig. 15 ). The four surfaces were raised when we activate all the BMX on the back side. Four diagonal sheets can also be folded in half to become a small box. Fig. 16 shows the conceptual view of the movement mechanism. As illustrated in Fig.16 , we attached anisotropic friction properties to the fringe of the four feet to achieve a flexible movement in the improved prototype. The friction properties changed their shapes depending on the robot movement direction. Their frictions also change as a result. The foot was stuck on the floor when it moved from outside to inside [ Fig. 17(a) ], resulting in friction. The foot slides when it moves from the inside to the outside [ Fig. 17(b) ]. We set the feet to the four corners of the robot sheet. Hence, the friction force became the same when the sheets on both sides were in contact with the ground. We controlled the friction by lifting the sheet on one side. The movement in Fig.16 shows the details. We can achieve the movement, as shown in Fig.16 . The movement was composed of three steps.
Step 0 is shown as the start form of the robot in Fig.16 to clarify the initial point.
Step 0) The default setting of the robot is shown.
Step 1) The backward sheet moves upward to decrease the friction.
Step 2) The robot moves forward by activating the forward BMX. In this step, the forward friction prevents the robot from sliding behind.
Step 3) The forward sheet of the robot is slid forward by deactivating the forward BMX. In this step, the forward friction decreases because of the friction property feature.
After step 1, the robot can move forward by repeating step 2 and 3. With this procedure, the movement to the front, back, left, and right directions can be achieved.
B. OPERATION EXPERIMENT
We evaluated the transformation and moving speeds from the captured images, and show some examples of the transformation and movement of the improved sheet-type robot. Fig. 18 shows the photographs of the improved sheet-type movable plate ware that we actually developed. The robot used five square PP plates with a side length of 6.0 cm and a thickness of 0.20 mm, some soft PP sheets as a connecting part, and four diagonals as circles with a radius of 6.0 cm. Although the size of the improved robot was almost the same as that of the first prototype, it was very lightweight. The size of the parts is approximately 6 × 6 cm 2 . The improved robot weighed 18 g. Hence, the weight per part was approximately 2 g. The required torque to lift the part is obtained as follows:
In the improved sheet-type robot, the transformation and moving speeds and other factors were measured by moving images. Figs. 19 and 20 show the photographs of the transformation and the movement flow, respectively. We clarified which BMXs were activated by adding the BMX arrangement and giving coloring to the sheets with the activated BMXs in each mode. Regarding the transformation into a (a) dish shape and a (b) bowl type, we measured the time of three transformation types 5 times as follows:
(1) the time from the planar state to a flat dish type; (2) the time from the planar state to a bowl type; and (3) the time from a flat dish type to a bowl type. They correspond to 16.2 ± 2.5, 17.6 ± 1.6, and 15 ± 2.68 s, respectively. For the liquid leakage evaluation, room temperature water was added at the time of the (b) bowl type. As a result, no water leakage occurred, and durability was sufficient without returning to the flat surface. With respect to the (c) box shape transformation, the time from the planar shape to the box shape was measured 5 times (i.e., 17.4 ± 1.6 s.). In the box-type state, when the load was put to evaluate the durability, it was found to withstand contents of 40 g or more. With respect to (d) movement, the moving speed was 0.275 ± 0.077 mm/s when the moving FIGURE 21. An example to serve water using the proposed prototype.
speed was measured 10 times on a general desk with less friction, which was the same environment as the prototype. We could also confirm the movement to the front and back and left and right. We also show an example of serving water using the proposed device shown in Fig. 21 . As shown in the figure, the prototype could keep the water without spilling after transforming its shape.
C. DISCUSSION
The deformation with respect to the (a) dish, (b) bowl, (c) box types and (d) inchworm-like movement could be achieved through the operation experiments. With regard to the (a) dish, (b) bowl and (c) box types, the deformation could be done quickly, and the required times for deformation were almost the same because all the deformations required only one step, and the lengths of the activated BMXs were similar. An origami robot that can quickly transform various dishes with various depths required at that time can be developed by strictly controlling BMX because of the property of the (a) dish-and (b) bowl-type deformation mechanism. With respect to (d) movement, although the robot could move in four directions, its speed becomes slow compared with the first prototype mainly because of the backward slip seen in the prototype. The current structure is considered as a simple structure of the sheet-type transformable robot to move in four directions; therefore, the angle of folding when bending and the timing of activating the BMX must be exactly adjusted. We would also like to reconsider the friction surface material. Although we are currently developing origami robots assuming to use on a desk with little friction, the friction may not work correctly when they are used in other environments. The friction of the improved origami robot is designed to be detachable; thus, we would like to consider several candidates for the friction surface material.
V. CONCLUSION
This research aimed to achieve a versatile transformable robot that had a moving mechanism and could be transformed into various plate wares. We studied sheet-type transformable robots that can be deformed into a moving shape and several kinds of shapes. As a result, we could develop a prototype of the sheet-type transformable robot, which can move and transform into a box shape. We demonstrated herein its feasibility through some experiments. We also developed an improved sheet-type transformable robot that could deform into three kinds of containers that can contain liquid without spilling and move to four directions with simple structures. Future works would include the improvement of movement efficiency and durability to withstand long-term use. We would like to find better movement mechanisms and examine the materials and structure while considering the balance of the size and the weight of the robot body and the electric efficiency by the actuator. Unlike the typical plate ware, the proposed robot requires energy to change and keep its shapes. This is an important problem for practical applications. In the future, some physical elements must be implemented to keep its shape without electricity. Biometal is powered by two dry batteries in the demonstration of the product company. Although the required energy and voltage per biometal depend on the biometal length, the required power is approximately 0.1W per biometal if the length is 5 cm and the applied voltage is 5 V. The current implementation uses up to four biometals at a time; therefore, we expect that the required energy is less than 1 W. We think that the cost will be acceptable for daily use. The power supply, controller and sensors among others are important elements for practical applications. Although an approach is to improve the robot shapes for implementation, we also need to design not only the robot itself but also the environment to solve relevant problems because the robot will become big if we aim to implement all of them to the robot itself. We would like to design the total system not only with the robot but also with the environment where the robot is. (e.g., the robot is on the table when we use the robot as a plate ware.). We would like to set some requirements, such as sensors, controller, and power supply, to the table where the robot was on. We would like to consider the wireless power supply from the table to avoid wired power problems. Weight problems are the main obstacles to robot implementation; hence, a rechargeable battery is also a candidate and may be a better solution to give the power to the robot if the battery becomes smaller. Polypropylene has good features from the viewpoint of food safety; however, the transfer of heat from hot water to the biometal must be blocked. In the future, we would like to overcome the problems of thermal insulation by using a thin insulation material as cover of the developed robot. In this study, we focused on developing the transformable plate ware and did not implement speech recognition to the developed system. We would like to implement it to the improved system in the near future. As the final target, we would like to develop a sheet-type transformable robot that can go to the required places, change its form to the required shape and have functions as the required tool whenever users want.
